Diffusion within polymer electrolyte membranes is often coincident with timedependent processes such as swelling and polymer relaxation, which are factors that limit their ability to block molecular crossover during use. The solutiondiffusion model of membrane permeation, which is the accepted theory for dense polymers, applies only to steadystate processes and does not address dynamic internal structural changes that can accompany permeation. To begin discovery of how such changes can be coupled to the permeation process, we have constructed a stochastic multiscale reactiondiffusion model that examines timedependent methanol uptake into and swelling of hydrated Nafion. Several potential mechanisms of diffusion and polymer response are tested. The simulation predictions are compared to realtime Fourier transform infrared attenuated total reflectance spectroscopy (FTIRATR) absorbance reported in the 1 literature [Hallinan and Elabd. J. Phys. Chem. B. 2007, 111, 1322113230]. Of the proposed polymer response mechanisms, only one a reactionlimited, local response to increasing methanol concentration that takes the entire experimental time frame of 600 seconds produces simulated FTIRATR data consistent with experiment. The simulations show that water diffusion out of the membrane is minimal during methanol sorption, and that changes in the measured infrared absorbances are due primarily to the increase in methanol concentration accompanied by dilution of water during swelling. Swelling involves densification of the polymer structure even as there is an overall volume expansion of the film. Potential connections between the polymer densification and molecularlevel structural changes of Nafion in methanol are discussed. These results indicate that the interaction between methanol and Nafion serves to increase Nafion's capacity to accommodate large volumes of methanolwater solutions, facilitating increased permeation across the membrane relative to pure water.
Introduction
Polymer electrolyte membranes (PEMs) are widely used in energy conversion devices, e.g., batteries, electrolyzers, and fuel cells. 15 In these electrochemical systems, the membrane separates the cathode side from the anode side; ideally its permeation properties allow ions that are needed in the reduction or oxidation reactions to move between the two sides, while simultaneously inhibiting crossover of product species. The permeability of a PEM is determined by its internal structure. The most wellstudied PEM is Nafion, which consists of a poly(tetrafluoroethylene) backbone with sulfonyl fluoride vinyl ether side chains randomly distributed. 68 Nafion's conductivity and permeability are determined by the amount of water in the membrane, which can reach up to 20% by weight or 55% by volume when immersed in liquid water. 6 The sorption of water results in swelling 9 and creates a phase segregated structure, in which the water and ionic sulfonyl group form hydrophilic clusters connected by cylindrical or lamellar channels, and the fluoroethylene backbone forms a separate hydrophobic phase with an average of 10% crystallinity. 6, 1011 The side chains form an amorphous shell around the water clusters. 12 The size, shape, and distribution of clusters and channels depend on the degree of hydration, the presence of other solvents, and temperature, among other factors. 6 The phase segregated structure allows Nafion to pass very high current densities but also provides aqueous channels that reduce its ability to block transport of other species that may be present in solution. 13 Inefficient productblocking limits the usefulness of PEMs for some applications, especially in low current density devices such as solar fuels generators. Small organic molecules, which are found in liquid fuel cells and photoelectrochemical CO 2 reduction systems, pose a particular problem for product blocking. 1416 These species tend to interact strongly with the polymer and thus cause changes in its internal structure, 17 which in turn affect their permeation properties. For instance, methanol is an amphiphile whose high permeability in Nafion results in more extensive swelling than in pure water, significant permeant crossover, and efficiency loss in energy conversion devices. Characterizing molecularlevel permeation of PEMs under conditions relevant to their operation in order to learn how to optimize their structure and function remains a challenge. However, the methanolNafion system is a useful model for inefficient product blocking, and its study may lead to better understanding of the behavior of other polymer electrolyte materials in the presence of strongly interacting permeants and of the operation of PEMs in emerging energy technologies.
The internal structure of the methanolNafion system is thought to consist of clusters and channels, but with greater disorder than in watersaturated Nafion. 18 As an amphiphile, methanol can interact with both hydrophobic and hydrophilic regions of Nafion and so may reduce the degree of phase segregation. 17, 19 Small angle neutron and xray scattering (SANS and SAXS) experiments suggest that methanol sorbs into the amorphous regions of Nafion and also reduces the crystallinity in the hydrophobic region. 17, 19 Methanol is more likely to be found next to the hydrophobic backbone than water, 18 because it can orient its methyl group towards the backbone. 20 These interactions cause the backbone to adopt a greater proportion of trans dihedral angles. 21 Methanol also interacts with the ether oxygen atoms 22 and the carbon atom next to the sulfonate group 23 on the side chain, but the resulting changes in conformation are unclear.
Methanol causes a decrease in the Nafion's glass transition temperature, Tg, 22 and an increase in backbone mobility, 24 both of which are plasticization effects.
Much of the understanding of permeation of molecular solutes through PEMs is based on studies under steadystate conditions, while intermittent operation in renewable energy systems is not wellstudied. Typically, the permeability, P, of PEMs is quantified using the solution diffusion model, which is the same model used for nonporous, homogeneous polymers. 23 Although PEMs like Nafion are nonuniform at the nanoscopic level, their internal structure may fluctuate at finite temperature, 10, 2528 providing an effectively homogeneous environment inside the membrane. 1 In this model, P is the product of the solubility, S, and diffusivity, D, (i.e., P = D × S) of a permeant within the bulk of the membrane measured at steady state. Both S and D of methanol in Nafion, and hence its permeability, depend on its concentration in solution, [MeOH (aq) ], 1, 3, 6, 2934 as well as temperature, concentration range, and pretreatment of the membrane. This means that S and D are quantities sensitive to the molecular environment although the solutiondiffusion model does not include molecular details directly.
To investigate permeation outside of the steadystate regime, we perform kinetics simulations to identify key mechanistic elements and identify where understanding can be improved by theory or further experimentation. The approach we take is to construct multiscale reactiondiffusion models that link molecularlevel events to experimental observables using validated kinetic data. The simulations must correctly reproduce a number of timedependent experimental data using a minimum of assumptions in order to be considered valid. When successful, the calculations provide a full picture of the permeantmembrane system as a function of time that is wellgrounded in known physical chemistry, enabling an improved understanding of important physical interactions. The aim of this paper is to build and analyze a model for methanol sorption into hydrated Nafion as a model PEMpermeant system, which is an essential component of the more complex full crossmembrane permeation model that is our ultimate goal.
The calculations are compared to observations from an indepth Fourier transform infrared attenuated total reflectance spectroscopy (FTIRATR) study, 1 and provide new information on the contributions of swelling and concentrationdependent diffusion coefficients to the observed transport data. We use the simulations to reinterpret the experimental data in light of these findings and to describe key aspects of the swelling process itself. This new understanding can provide a foundation for the future development of theories for timedependent membrane permeation.
Model development
An inductive approach to building a sorption model is used herein: the model starts with the simplest possible description of sorption using known kinetics, and details are added only where necessary to quantitatively reproduce experimental measurements. 35 In the present work, validation of the model requires agreement with several data types: the thickness, methanol content, and water content in the initial and final equilibrated states, and the timeresolved relative absorbances of water and methanol. By reproducing all these data with the simplest possible description, the important kinetic contributions to transport into the membrane become clear. Because the experimental data do not include information on the nanoscopic water channels nor the nature of coordination of methanol with Nafion, the averaged bulk description noted above is sufficient. However, as more information becomes known, it is possible to add details of the membrane's internal structure to the existing model to further expand its explanatory power.
The model starts from a previously developed general reactiondiffusion framework for transport of weaklyinteracting molecules through a rubbery polymer membrane. 36 In that model, the reactions are the permeants' attachment and detachment at the surface of the polymer. In this study, we extend the framework to include swelling and environmentsensitive diffusion by including additional reactions to describe these changes in the internal polymer environment.
Because the influence of swelling and environment on methanol sorption into Nafion have not been characterized, it has been necessary to evaluate a number of mechanistic alternatives (scenarios) to determine which model produces results consistent with experiment. Scenarios that do not reproduce experimental observations can be ruled out, whereas those that do can be evaluated to gain insights to the underlying physics. The reactiondiffusion model constructed in this work is simulated using a stochastic algorithm, implemented in the openaccess package Kinetiscope. 37 The stochastic method is a type of kinetic Monte Carlo that provides a rigorous solution to the master equation for Markov systems and produces an accurate time base. 3839 For complex material systems, stochastic methods provide a valuable alternative to coupled differential equation integrators such as those used in finite element methods because they readily accommodate moving boundaries (volume changes) and large ranges in reaction and diffusion rates that change over the course of the simulation. The simulations generate full spatially resolved data on concentration and volume as a function of time that can be analyzed to predict experimental results, including details at both nano and macroscopic levels, and provide insights to system characteristics that may be experimentally inaccessible. Further details on computational methodology, along with applications to condensed phase organic and polymeric systems, can be found in previous publications. 36, 4045 Synopsis of the experiment. The sorption simulations aim to reproduce timeresolved Fourier transform infrared attenuated total reflectance (FTIRATR) spectroscopy data reported by Hallinan and Elabd. 1 A brief synopsis of the experiment is given here so that the correspondence to the multiscale simulation setup is clear. In particular, the details of the spatial layout and the definition of initial time point (t = 0 s) are important for the proper comparison of experiment and simulation. In the experiment, Nafion 117, with crosssectional area of 6 cm 2 , is prepared by refluxing in peroxide, acid, and ultrapure water, which removes much of the polymer's anisotropy. 46 The prepared Nafion is clamped to the ATR crystal and soaked in ultrapure water for 2 hours prior to starting the experiment, resulting in an initial waterswollen thickness of l init = 216  1 μm. At the start of the experiment (time = 0), an aqueous solution of a specific concentration of methanol, [MeOH (aq) ], ranging from 1 to 16 mole/L, is pumped into the ATR cell, making contact with the Nafionsolution interface. The pumping rate is assumed to be fast enough to rapidly establish a constant upstream concentration and minimize boundary layer effects. At the NafionATR crystal interface, the changes in water and methanol concentrations are monitored using their unique vibrational spectroscopic signatures. The refractive indices of the ATR crystal and hydrated Nafion limit the signal penetration depth, d p , to the 0.91 μm nearest to the crystal. Nafion deposited on solid surfaces has a nonbulk structure that extends ≤ 60 nm from the interface, 4647 so the majority of Nafion within the detection zone is in the bulk state.
The FTIRATR absorbance was shown to be proportional to concentration for water and methanol for the concentration range used in this experiment. 2 The timeresolved data is reported as relative absorbance, A rel (t), defined as
for methanol and
for water, where A(t) is the absorbance at time t, A init is the initial absorbance and A final is the final absorbance. In this way, A rel MeOH (t) is defined to rise from 0 to 1, and A rel water (t) is defined to fall from 1 to 0, over the experimental time frame of 600 seconds. 
Reactiondiffusion model characteristics.
A schematic of the model is shown in Figure 1 . The geometry consists of 232 total compartments, 231 for the bulk polymer plus 1 for the liquid polymer interface. Each compartment contains a homogeneous mixture of Nafion, water, and binding sites for methanol. Initial concentrations are the same in all compartments, and evolve as sorption proceeds. The bulk polymer compartments have an initial thickness of 0.935 μm that increases to a final thickness of 1.00 μm. A single 10 nmthick compartment at one end of the array represents the interface between Nafion and the aqueous solution. The compartment at the other end of the array is in contact with the ATR crystal, and is equivalent to the detection zone for the FTIRATR measurements. Simulation results are insensitive to compartment thicknesses less than or equal to the signal penetration depth and to any interfacial thickness from 1 to 100 nm, as shown in the Supplemental Information (SI) Section 1. The simulation neglects boundary layer effects at the liquidNafion interface, which are thought to be minimal in the experiment due to the selection of conditions. This assumption was tested, and found to be valid due to the insensitivity of the simulation results to the rate of methanol concentration rise in the interfacial region, as reported in the SI Section 2.
In the interfacial region, two processes take place: methanol adsorption from solution, The total initial concentration of water in the membrane is 21.34 mole/L, and the final concentration of water is 19.69 mole/L. These values are calculated from Henry's Law, using the solubility of water in a Nafion membrane, listed in Table 1 . In the simulation, the waters that are present in Nafion's final equilibrated state are termed "fixed," and their concentration is recorded separately from that of the waters that diffuse out, termed "mobile." The initial concentration of mobile waters is 0.244 mole/L (1% of the total initial water), calculated from the difference in the amount of water in the initial and final states divided by the initial volume. This leaves the initial fixed water concentration as 21.10 mole/L; this concentration is reduced to its final value due to swelling.
Treatment of swelling and polymer response. The simulation requires that the thickness of each compartment in the membrane be known at each time point in order for the diffusion rate to be correctly calculated from the instantaneous concentration gradients, but only the initial and final thicknesses are reported in Ref. 1 . To include swelling in the simulation, the volume of each compartment must be continuously updated during the simulation using the amount of each species and its partial molar density, where the partial molar density is the inverse of the partial molar volume. In the simulation, swelling is assumed to occur in one dimension only because clamping the edges of the Nafion to the ATR crystal in the experiment should limit swelling to the direction normal to the plane of the interface. If all species in the membrane are assumed to be incompressible, the final thickness of the membrane is 241 μm, much larger than the experimentally reported value. This indicates that one or more components of the membrane solute system must become more dense as the methanol diffuses in.
We assume the molar densities of the liquids remain constant at their values for pure liquid, (MeOH) = 24.7 mole/L and (H ρ ρ 2 O) = 55.4 mole/L, 49 because they are fairly incompressible. The volume contraction due to nonideal mixing of water and methanol inside Nafion would reduce the net volume change during swelling by 1.8% (calculation in SI Section 7) and is neglected. Under these assumptions, the polymer partial molar density, (polymer), ρ must change in order to produce the correct initial and final membrane thickness. The initial partial molar density of the polymer in its hydrated state is found to be 1.774 mole/L, and the final value after methanol permeation is 1.880 mole/L, a contraction of 6%. These densities are considered reliable because the final thickness and the water relative absorbance are highly sensitive to them, as shown in the SI Section 8. Although the polymer itself is becoming more dense, and some water is leaving the membrane, the sorption of methanol results in an overall increase in thickness of 7%. In this analysis, changes in polymer partial molar density incorporate the changes in free (void) volume.
The mechanism for this change in polymer partial molar density is unknown, but must be included in the model in order for the kinetics to be correct. Therefore we propose and evaluate three plausible mechanisms for this process: These three mechanisms will be referred to as concurrent, delayed, and synchronized throughout this work. Their implementation is described in detail in the SI Section 9. In brief, they are meant to represent potential limiting behaviors of polymer relaxation. For the concurrent and delayed schemes, a physical reaction between methanol and the polymer occurs and changes the polymer partial molar density. For the synchronized mechanism, each time methanol enters the Nafion membrane, a force is exerted on the polymer chains due to a volume increase at the aqueous interface. This force triggers a progressive density change in the polymer. All the schemes use estimated rate constants that result in the correct final thickness.
Polymer densitydependent diffusion. In the basic reactiondiffusion scheme, the diffusion coefficients are held constant as the membrane swells, and so any differences in diffusion rates are solely due to the changing compartment thicknesses, which alter local concentration gradients. We also evaluate whether the polymer density change during swelling can alter the local diffusion coefficients for water and methanol. 50 This can be thought of as a concentration dependent diffusion coefficient, because the polymer partial molar density is dependent on methanol concentration. We investigate this possibility for two scenarios for an increase in diffusion coefficient as methanol concentration increases, listed in Table 2 . The delayed polymer response mechanism is used, and when the polymer state changes, D also changes for both methanol and water. Details of the implementation and additional scenarios are described in the SI Section 10. 
Results
Thickness changes for different polymer response mechanisms. The change in membrane thickness during sorption is shown in Figure 2 . Under the concurrent mechanism, exposure to the methanol solution leads to an initial, rapid decrease in membrane thickness followed by a smooth increase (Fig. 2) . Figure 3 shows that the transient decrease in total thickness (Fig. 3a) is caused by the rapid densification of the polymer (Fig. 3b ) in the presence of methanol (Fig. 3c ). Even at the NafionATR crystal interface, all the polymer has densified within 5 s although the concentration of methanol is only 0.303 millimole/L. This is because the conversion rate is diffusionlimited, and even a miniscule concentration of methanol triggers polymer densification. The loss of mass due to outdiffusion of water plays a negligible role in this initial thickness contraction: in fact, the reduction in membrane volume causes a concentration increase for water near the NafionATR crystal interface at early times (Fig 3d) . Then, as methanol continues to diffuse into the polymer, each compartment in the simulation expands to accommodate the incompressible fluid until the equilibrium thickness is reached. Expansion of the compartments enables the concentration of methanol to increase while the concentrations of both water and Nafion decrease. In all of the plots, the position of 0 m is the interface between Nafion and the ATR crystal, and the maximum position corresponds to the interface between Nafion and the aqueous solution.
The delayed swelling mechanism predicts a smooth increase in thickness (Fig. 2) ; however, this disguises the transient effects that are occurring at the microscale. As seen in Figure 4 , because methanol rapidly enters the membrane (Fig. 4c ) but the polymer densifies slowly (Fig. 4b ), there is a net volume increase of each compartment to a depth of 25 μm from the aqueous interface during the first 200 s of the simulation (Fig 4a) . While the polymer in these compartments eventually densifies and their volumes decrease, the methanol concentration . In all of the plots, the position of 0 μm is the interface between Nafion and the ATR crystal, and the maximum position corresponds to the interface between Nafion and the aqueous solution interface.
The synchronized mechanism also produces a rapid initial increase in thickness (Fig. 2) .
Similar to the delayed mechanism, rapid indiffusion of methanol causes swelling at the aqueous Nafion interface (Fig. 5a ). However, this phenomenon occurs in a smaller region, within 15 μm of the aqueous interface, and for a shorter time, only 100 s, than in the ≈ delayed case. As shown 20 in Figure 5b , the polymer is contracting evenly throughout the membrane, so that the increase in membrane thickness occurs uniformly through the membrane over time. In all of the plots, the position of 0 μm is the interface between Nafion and the ATR crystal, and the maximum position corresponds to the interface between Nafion and the aqueous solution.
Comparison of the contour plots from each mechanism shows that the methanol concentration changes similarly over time and position across the three different mechanisms.
The polymer response, shown by the increase in densified polymer concentration, is clearly different between the mechanisms, resulting in differing local degrees of swelling. The summation of local swelling determines the overall thickness at a given time shown in Figure 2 .
The contour lines in the water concentration profiles most closely resemble the swelling contour lines.
Of particular interest are the concentrations of methanol and polymer within the detection zone of the FTIRATR experiment; these are shown in Figure 6 for each polymer response mechanism. Again, a rapid conversion of polymer to its densified state is seen with the concurrent mechanism, whereas conversion with the delayed and synchronized mechanisms are more gradual. In Figure 6c Predicted FTIRATR absorbances for different polymer response mechanisms. The relative absorbances, A rel (t), from the simulation of each polymer response mechanism are shown in Figure 7 and compared to the experimental data. Also included is a curve showing the fit for standard Fickian diffusion using the expression from Hallinan and Elabd, 1 calculated by assuming that the diffusion coefficient, thickness, and signal penetration depth are all constant. It is evident that all simulations and the analytical model give very similar results for the methanol absorbance, but not for water. Both the analytical model and the simulations predict that methanol absorbance increases faster than the observed data at early time points. This may be due to a discrepancy in the definition of the start time (t = 0 s) between the experiment and simulation (discussed in SI Section 2). From t = 12 s to 200 s, there are slight differences between simulated methanol absorbances from the different swelling schemes; these reflect the differences in the concentration gradients created by the different thicknesses as a function of time (Fig. 2) , and hence the instantaneous diffusion rates. On the other hand, the water signal calculated from the simulations is very sensitive to the polymer response mechanism. Only the predictions using the delayed mechanism are in reasonable agreement with experiment. This indicates that the delayed mechanism, in which the polymer densifies throughout the full 600 s (reactionlimited) in response to the local methanol concentration, is the closest of the three mechanisms to describing swelling during sorption in the Nafionwatermethanol system. . Methanol and water relative absorbance for the three swelling schemes using the experimentally reported diffusion coefficients. Experimental data for methanol are in black and water in blue; the circles are the data points, and the solid line is the fit for Fickian diffusion without swelling. The magenta and green lines are the simulation results for methanol and water, respectively, with the line styles corresponding to different swelling schemes as indicated in the legend.
The concentrations of water and methanol in the detection zone as a function of time and swelling are shown in Figure 8 . The mobile water concentration is small at all times, ≤1%, and so as it leaves the film, there is only a slight decrease in total water concentration. The fixed water concentration is two orders of magnitude greater than the mobile population. Though the amount of fixed water is constant, the increase in volume as a result of methanol entry causes a dilution of the fixed water population. Thus, the decrease in total water concentration is primarily due to swelling, leading to the observed decay in the infrared absorbance. This interpretation is at variance with that proposed in the experimental study, which ascribed the decrease in water absorbance only to outdiffusion. Predicted FTIRATR absorbances assuming polymer relaxationdependent diffusion. The diffusion coefficients of water and methanol have been reported to depend on methanol concentration. To evaluate whether the diffusion coefficients are sensitive to the local extent of polymer densification, and therefore to the local concentration of methanol, we have allowed D(MeOH) and D(H 2 O) to vary using the scenarios summarized in Table 2 . The results of the simulations are shown in Figure 9 along with the results from the delayed swelling scheme with constant D for comparison.
The absorbances in Scenario A differ greatly from the experimental observations.
Conversely, the predicted signals from Scenario B are almost identical to that with a constant diffusion coefficient and with experiment. Together, these results suggest that large changes in the diffusion coefficient (by a factor of 2 or more) during the course of the experiment are possible, but if they occur, the change takes place very early in the permeation process (for the scheme used herein). Thus, the experiment is mainly sensitive to the final diffusion coefficient.
This conclusion is further supported by the additional scenarios investigated in SI Section 12. Figure 9 . Methanol and water signal for diffusion coefficients dependent on local swelling compared to signals calculated using swellingindependent diffusion coefficients and the delayed polymer response scheme for (a) Scenario A and (b) Scenario B. The dashed lines are the results for methanol (purple) and water (dark green) with constant D included for comparison. The magenta (methanol) and green (water) symbols are the simulation results for the scenarios indicated on the legend; lines are provided as a guide for the eye. The experimental data for methanol and water are shown by the small black and blue dots, respectively.
Even though Scenario A is known to violate Fickian diffusion in two ways (timevarying diffusion coefficient and thickness), the predicted absorbances can still be fit with the standard analytical solution for Fickian diffusion used in Ref. 1 . For methanol, the overlap between the Fickian fit and the data, shown in Figure 10 , is very good. However, the Fickian solution cannot capture the transient reduction in water absorbance below its final value in Scenario A, a feature directly related to swelling. The bestfit values of diffusion coefficients obtained using the Fickian analysis (displayed in Figure 10 ) are closest to the final diffusion coefficient (see Table   S6 ). For water, the bestfit value is a slight overestimate, and for methanol a slight underestimate. These observations further support the idea that the absorbance curves are sensitive primarily to the final diffusion coefficient (in addition to swelling). This test also demonstrates that the ability of a Fickian model to fit a set of data is not a guarantee that simple Fickian diffusion is occurring. Table 3 , and the diffusion data are shown in Table 4 . They show that as the methanol concentration increases, there is a progressive increase in swelling, final methanol concentration, and methanol and water diffusion coefficients. The fraction of sorbed water that is mobile also continues to increase, as does the final polymer density.
Plots of the absorbance versus time curves are available in the Figure S14 be adjusted to obtain the best agreement between experiment and simulation. The bestfit values are higher than the experimentally reported ones and outside of a single standard deviation. The information presented in the experimental study do not allow conclusions to be made about the origin of these differences. In some cases, the simulated water absorbance decay curves display kinks, e.g., Figure S14c . These occur at the time when the last of the mobile water population has left the detection zone, the absorbance decay transitions from a combined diffusionplusswelling regime to one solely controlled by swelling. The experimental water absorbance curves are not reported for these concentrations of methanol, and so it is unclear whether these kinks are actually present, or are an artifact of the simulation. Additional experimental data will help answer this question. e for the average thickness. As a point of comparison, the partial molar density that would produce the maximum thickness (within one standard deviation) of 291 μm is found to be 1.72 mole/L. 
Discussion
The simple multiscale reactiondiffusion framework constructed in this work is a valuable tool to explain a large amount of experimental data using a simple scheme to represent movement of water and methanol through a polymer. The framework is rooted in the solution diffusion model, with added elements to include timedependent polymer densification in contact with methanol, and overall membrane swelling. This validated sorption model is now extendable to simulate nonsteadystate permeation of methanol solutions through Nafion. 3 It is noteworthy that despite changes in macroscopic and internal structure, the simulations agree with experimental data best when using the experimental diffusion coefficient, which was obtained from a leastsquares fit between the experiment and an analytical Fickian equation. This is true even when simulations involve explicit nonFickian test scenarios, indicating that close agreement between a Fickian analysis and experimental data does not necessarily show that a diffusion process is Fickian. The simulations also show that the diffusion coefficients appear to be essentially constant throughout the polymer contraction and swelling process, although they do vary with methanol concentration in the contacting solution. Tests indicate that if any changes in diffusion coefficients occur, they happen very early in the sorption process so that the experiment is most sensitive to the final value. Experiments that provide more data on earlytime diffusion would be needed to determine whether the coefficients in fact do remain constant as the membrane structure changes. The lack of significant concentration dependence of the methanol diffusion coefficient while the methanol concentration increases in the polymer suggests that the methanol experiences a consistent local environment as it moves through the membrane. Simulation results for water absorbance when [MeOH (aq) ] = 2 mole/L are very sensitive to the details of the swelling process ( Fig. 7) , but insensitive to the value of water's diffusion coefficient (Fig. S12 ) because such a small proportion of water diffuses out of the membrane during methanol sorption, only 1%. The insensitivity of the simulated absorbances to the value of D(H 2 O), along with our interpretation that swelling is the origin of the decrease in absorbance, suggest that the diffusion coefficients for water reported for 2 molar methanol may be rather uncertain. As the aqueous concentration of methanol increases, the proportion of water that diffuses out of the membrane increases. As a result, the simulated water absorbance curve becomes more sensitive to the value of D(H 2 O) and the reported values of D(H 2 O) should become more reliable at higher methanol concentrations.
It is clear that the polymer partial molar density must decrease during methanol sorption relative to its state in pure water, except when [MeOH (aq) ] = 1 mole/L. This increase in Nafion partial molar density is consistent with data from Catalano et al., 51 in which the water vapor Nafion system is more dense than expected from additive molar volumes. However, it contradicts a followup study by Hallinan and Elabd, 2 in which they report that the density of the methanolwaterNafion system is lower than expected from additive molar volumes. This inconsistency could reflect differing assumptions about the pure components and the isotropy of swelling, or the accuracy of the experimental measurements of volume. Polymer free volume is not considered separately from the polymer chains in these simulations. Analysis of data from positron annihilation spectroscopy (PALS) implies that there is more free volume, and the voids are larger in an ethanolNafion system than in a waterNafion system. 52 If the same effect is true of methanol or methanolwater mixtures in Nafion, then the polymer packing density would be even greater than estimated here to accommodate the added free volume fraction. However, it is unlikely that the change in polymer partial molar density is solely explained by a change in void volume, since the partial molar density of the polymer dry state and that equilibrated in 2 mole/L of methanol are nearly the same, whereas the partial molar density is lower for the wateronly state (see Table 3 ). This indicates a fairly complex relationship between void volume and permeant content.
A survey of the current literature shows few studies on the molecularlevel features of Nafion in methanol and methanolwater mixtures, including structural and kinetic factors, that could lead to the polymer densification required to reproduce the experimental data. Vibrational spectroscopy (FTIR and FTRaman) indicates that the perfluorinated backbone is coiled in a 15 7 helical conformation (15 backbone units making 7 helical turns) in pure water. 53 Changes in the backbone conformation for methanolNafion systems, compared to waterNafion systems, have been observed smallangle Xray scattering (SAXS) 19 and molecular dynamics (MD). 21, 24 In SAXS, the presence of methanol is associated with a decrease in Nafion's crystallinity. 19 MD has shown that Nafion backbone segments show a greater preference for trans dihedral angles in the presence of methanol or methanolwater mixtures, compared to pure water. 21, 24 Together, these data suggest that the presence of methanol disrupts the helical structure of Nafion's backbone.
Such a change in backbone conformation could be associated with allowing solvent to access regions that had previously been occluded inside of the helix and with greater alignment between the backbones on different polymer chains, which may increase their packing. Either of these options would increase Nafion's polymer chain density even as the whole system swells. A MD study has shown that methanol stiffens the side chain of Nafion while increasing the flexibility of the backbone. 21, 24 Experimentally, methanol reduces the Tg of Nafion, 22 consistent with a greater degree of polymer chain fluctuations, similar to plasticization.
In addition to defining what types of changes occur in Nafion in the presence of methanol, which are steadystate effects, the simulations also provide rate information. The delayed mechanism provides a prediction of the rate coefficient for rearrangement of the polymer chains when hydrated Nafion comes into contact with methanol. This rate coefficient is lowest value for which all of the polymer is converted from its initial to final state within the experimental time frame of 600 s (10 minutes). Studies of the mechanical response of hydrated Nafion are consistent with this timeframe. In a stress relaxation study, Nafion is stretched to a set length, and the force needed to maintain that deformation (strain) is recorded over time. 54 For hydrated Nafion, the stress equilibrates in ≈600 s for a constant strain of 20% and is slower to relax for larger strains. 54 The dimensional change due to swelling in our work is ≤ 25% even for the highest [MeOH (aq) ], and so a similar or even faster relaxation could be expected. Mechanical studies on the methanolNafion system are rare, but a creep compliance test, in which the length of the membrane is observed over time as a constant force is applied, shows a greater degree of deformation occurring over a longer time period than in the waterNafion system. 55 The data on mechanical properties of Nafion are typically analyzed using the bundlecluster model to connect deformation to molecular structure changes. 5657 In this model, tension on the Nafion membrane causes better alignment of polymer backbones within a bundle while increasing spacing between bundles. Such alignment within bundles is another possible structural basis for the increase in polymer partial molar density observed in the simulations herein. Timeresolved mechanical studies may provide an avenue to study polymer chain kinetics during permeation, but further work is needed to connect the observed relaxation times to molecularlevel processes.
While the key features of macroscopic transport have been captured with the simple description described herein, as more is discovered experimentally and theoretically about the molecularlevel structural and kinetic features of methanolwaterNafion systems, the details can be incorporated into the multiscale model in order to elucidate their connections to macroscopic transport and improve the predictive power of the model. For instance, the states of sorbed water may be extended beyond mobile and fixed to include differences in binding energies to sulfonic acid. 58 The location of the methanol and water can be specified more precisely as being within clusters or in the amorphous regions by including these microphases within the polymer phase.
Highly spatially and timeresolved data on swelling will allow the details of the polymer chain density changes to be included and the mechanism proposed in this work to be assessed and validated. Finally, the assumptions concerning methanol absorption into the polymer at the aqueous interface are rather crude, and a more physically realistic description based on additional data from experiment or molecular dynamics simulation would be beneficial. In all cases, the processes and structures would be incorporated via inclusion of new steps in an expanded reactiondiffusion mechanism and definition of a higher resolution geometric grid.
From the present study, some general inferences can be made about modeling methanol sorption into hydrated Nafion, and factors affecting permeability of PEMs in general. The simulations indicate that surface processes are nonratelimiting as long as the concentration of methanol in the interfacial region is at least as large at its concentration in the bulk of Nafion (SI Sect. 4). The presteadystate regime, on the other hand, requires explicit treatment of the swelling mechanism. Therefore, the solutiondiffusion model, in which steadystate permeability is the product of S and D, is likely an adequate description only for steady state. Both S and D are large for methanolwater mixtures in Nafion, and increase with increasing methanol concentration. 1 This means that the membrane will become less able to block methanol permeation as the concentration of methanol increases, not only because of the increase in concentration gradient driving diffusion, but also because the intrinsic properties of the membrane are changing. Reports on the reversibility of structural changes in Nafion upon exposure to methanol are rare. 59 It is possible that methanol exposure can permanently increase Nafion's permeability due to the densification proposed here. Modifications that would reduce solubility of methanol in PEMs have been suggested, 60 including changing the chemical composition such that there is less attraction between methanol and the polymer, 61 and employing chemical crosslinking 62 to improve mechanical resistance to solvent uptake and its associated phase segregation. 6364 Crosslinking may also decrease diffusivity by increasing the mass of the mobile segment of polymer that controls free volume. 65 Our analysis supports the idea that chemical interaction between polymer and permeant should be reduced in order to decrease solubility and also to prevent structural changes. Both would lead to improved PEM resistance to molecular crossover under operating conditions.
Conclusions
Multiscale reactiondiffusion simulations of aqueous methanol sorption into hydrated Nafion providing a full timehistory of the sorption process are performed and validated with experimental FTIRATR data. The sorption process was reported to be accompanied by swelling, however the swelling mechanism and kinetics had not been determined experimentally. The simulations provide insights to this process, and enable the infrared data to be interpreted more fully. Analysis of total swelling data shows that the polymer must become more dense as methanol sorbs into the membrane in order to produce the correct final thickness. Assuming that this is the primary structural change during sorption, three distinct mechanisms for the polymer response to methanol are evaluated. Only one correctly reproduces water infrared absorbance as a function of time at the polymerATR crystal interface: a local, reactionlimited increase in polymer density that accompanies overall swelling in the presence of methanol. The partial molar density increase may be due to a change in packing of the perfluorinated backbone due to interactions between methanol and Nafion's backbone or sidechains. While there is an overall steady increase in membrane thickness during swelling, the simulations predict that the local degree of swelling is spatially and temporally inhomogeneous, a detail that is not probed by the FTIRATR measurement. The simulations also enable a more detailed interpretation of the time dependent infrared data, revealing that the observed decrease in water absorbance during methanol sorption is not due to displacement of water as originally proposed, but due to dilution as the membrane volume increases. It is noteworthy that the diffusion coefficients extracted from the experimental data using a Fickian analysis are accurate even though the film is swelling. The simulations indicate that if changes in the diffusion coefficients occur during the course of the experiment, they are completed early in the sorption process and the diffusant's environment is relatively unchanging past that point. Extension of the simulations to span aqueous methanol concentrations from 116 mole/L indicates that the effect of methanol on the internal structure of the membrane is progressive, with increasing polymer contraction and swelling as the external methanol concentration increases. These findings show that reactiondiffusion simulations are a valuable addition to solutiondiffusion analysis to gain a more detailed understanding of sorption into polymers on timescales relevant to their operation.
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